The rise of graphene marks the advent of two-dimensional atomic crystals, which have exhibited a cornucopia of intriguing properties, such as the integer and fractional quantum Hall effects, valley Hall effect, charge density waves and superconductivity, to name a few. Yet, magnetism, a property of extreme importance in both science and technology, remains elusive. There is a paramount need for magnetic two-dimensional crystals. With the availability of many magnetic materials consisting of van der Waals coupled two-dimensional layers, it thus boils down to the question of how the magnetic order will evolve with reducing thickness. Here we investigate the effect of thickness on the magnetic ordering in nanothick V 5 S 8 . We uncover an anomalous Hall effect, by which the magnetic ordering in V 5 S 8 down to 3.2 nm is probed. With decreasing thickness, a breakdown of antiferromagnetism is evident, followed by a spin-glass-like state. For thinnest samples, a weak ferromagnetic ordering emerges. The results not only show an interesting effect of reducing thickness on the magnetic ordering in a potential candidate for magnetic two-dimensional crystals, but demonstrate the anomalous Hall effect as a useful characterization tool for magnetic orderings in two-dimensional systems.
I. INTRODUCTION
Starting from graphene, the research in two-dimensional (2D) crystals has exploded into a set of subareas covering a vast class of materials, including hexagonal boron nitride, transition metal dichalcogenides, silicene and phosphorene, etc. [1] [2] [3] . With a broad spectrum of properties displayed by 2D crystals on hand, it is tempting to construct van der Waals heterostructures by multistacking so that the material functionality can be greatly expanded 1 .
However, magnetism, a property that has been playing an indispensable role in both science and technology, remains elusive in 2D crystals. On one hand, since most 2D crystals are nonmagnetic, studies have mainly been focused on induced magnetism by defects and adatoms [4] [5] [6] [7] [8] [9] [10] . On the other hand, it has been actively pursued to find 2D crystals that are intrinsically magnetic [11] [12] [13] [14] . The natural approach is to start with known three-dimensional (3D) magnetic materials that consist of weakly bonded 2D layers and investigate how the thickness affects the magnetic ordering. In addition, revealing the evolution can deepen our understanding in phase transitions on low-dimensional systems.
However, the experiment is challenging when one tries to characterize the magnetic properties of 2D crystals. This is because common tools for magnetization characterization, such as magnetometer, neutron scattering, magnetic resonance technique, often require a 3D bulk sample. To study the magnetic property of a single 2D crystal, new and simple methods are highly desired. Raman spectroscopy, combined with theoretical calculations, was employed to infer the antiferromagnetic ordering in atomic layers of FePS 3 13,14 . Recent studies have utilized the Kerr effect to identify ferromagnetic ordering in 2D materials in the monolayer limit 15, 16 .
In this work, we study the thickness dependence of the magnetic ordering in V 5 S 8
nanoflakes. An unusual Hall behavior is found. It is convincingly shown that it stems from the anomalous Hall effect (AHE). The effect enables characterization of the magnetic ordering of a single nano-flake. The thickness dependence of the AHE, combined with magnetoresistance (MR), reveals a breakdown of antiferromagnetism (AFM) with reducing thickness. For thinnest flakes, a weak FM emerges. In the transition region, the competition between AFM and FM interactions gives rise to a spin-glass-like state. Our results not only reveal an interesting effect of reducing thickness on the magnetic ordering in a potential candidate of a magnetic 2D crystal, but also demonstrate the anomalous Hall effect as a useful tool for obtaining information on the magnetic ordering in 2D crystals. beam lithography was employed to pattern the Hall bar structure and 5 nm Pd/80 nm Au was used for metallization. As samples are metallic and stable, no special care is needed to ensure a good electrical contact(< 100 Ω). Four-probe electrical measurements were carried out using a lock-in method in an Oxford variable temperature cryostat. All magnetotransport measurements were performed with the magnetic field perpendicular to the film plane.
II. EXPERIMENTAL TECHNIQUES
Magnetization measurements were performed in a Magnetic Property Measurement System by Quantum Design.
III. RESULTS AND DISCUSSIONS
A. Crystal and magnetic structures of V 5 S 8 V 5 S 8 is a layered material and can be viewed as VS 2 intercalated with V atoms. It has a monoclinic structure (a = 11.396Å, b = 6.645Å, c = 11.293Å, α = γ = 90
space group F2/m, shown in Fig. 1a 17 . The VS 2 layer is in a distorted 1T structure due to The AFM ordering persists down to 10 nm 25 .
We have studied thin flakes of V 5 S 8 samples with a series of thickness down to 3. 
B. Magnetotransport and anomalous Hall effect in thick flakes
In thicker flakes, the SF transition in the AFM state is clearly manifested in magnetotransport. Figure 2 shows the MR and Hall resistivity ρ H for a typical sample (data for more samples can be found in the Supplemental Material). Below T N , the low field resistance is essentially constant, followed by a sudden decrease at 3.5 T, which results from the SF transition. No appreciable hysteresis has been observed, probably due to a flat barrier between two states on two sides of the transition 27 . The high field dependence is quadratic and diminishes with temperature, consistent with suppression of scattering from local spin fluctuations in a paramagnetic (PM) state 28, 29 . The SF transition indicates a relatively weak spin anisotropy 30, 31 . In fact, the anisotropy in bulk V 5 S 8 was found to be extremely small 21 .
Accordingly, ρ H exhibits an intriguing change of the slope across the SF transition, seen in Fig. 2b . A nonlinear Hall resistivity usually indicates a two-band conduction, but the fact that the high field Hall extrapolates exactly to the origin rules out this possibility, as a simple two-band model cannot reproduce such a behavior. Another explanation would be a field induced change of the carrier density, for instance, breaking down of a spin-density wave state. But, a spin-density wave gaps out a part of the Fermi surface. Thus, its breaking down would recover the gapped Fermi surface, hence increasing the carrier density. The resultant reduction of the Hall resistance is apparently at odds with the experiment, not to mention that no spin-density wave has been reported in the material before.
In magnetic materials, the Hall resistivity consists of two contributions, ρ H = R 0 B + R AHE µ 0 M, where R 0 and R AHE are the ordinary and anomalous Hall coefficients, M is the magnetization, and µ 0 the vacuum permeability. Although the AHE often appears in an FM metal, it can also occur in a PM or AFM one [32] [33] [34] [35] . The difference is that the AHE is linear in B for the latter, as M is also linear in B. In our samples, a magnetic field induces a SF transition, which results in an increase of the magnetic susceptibility, hence ρ H .
To verify this hypothesis, we need to measure M, which can be directly measured only for bulk materials. So, the magnetization and transport measurements were carried out for a bulk V 5 S 8 (see Fig. S4 in the Supplemental Material). A linear relation between µ 0 M/B and ρ H /B was indeed found, confirming the contribution of the AHE (see Fig. S5 and the discussion in the Supplemental material). Moreover, R AHE has a sign opposite to As the thickness is reduced below 8.4 nm, the low temperature resistivity goes up. The SF transition is not as sharp as in thicker flakes. In addition, the magnetotransport becomes hysteretic, suggesting a spin-glass-like state. Typical data for a 7.6 nm thick flake are shown in Fig. 3 . The hysteresis is only significant above H c . Its magnitude increases with the sweeping field and decreases with temperature and eventually disappears at about 12 K.
The nonlinear ρ H , on the other hand, persists to a higher temperature. The hysteresis in MR is more pronounced than that in ρ H . Since the in-plane magnetization does not contribute to the AHE, but to MR via spin fluctuation scattering, it is speculated that the hysteresis is mainly related to the in-plane spin component.
C. Anomalous Hall effect and ferromagnetic ordering in thin flakes
With further reduction of thickness, the nonlinearity of ρ H diminishes. Although V 5 S 8 bulk is an Ising antiferromagnet, the weak spin anisotropy may push thin layers toward a weakly anisotropic Heisenberg spin system. Further study on thinner flakes and with improved sample growth techniques is needed to unveil the origin.
D. Magnetic phase diagram
To give an overall picture of the evolution of transport properties with thickness, the low temperature MR and Hall resistivity for samples of a series of thicknesses are plotted in Fig. 5a and b. For thicker samples, MR shows a plateau in low fields and a sudden drop at the critical field H c of the SF transition, followed by a quadratic field dependence.
Correspondingly, the Hall displays a jump at H c . As the thickness goes below 8.4 nm, the SF transition fades out. In particular, the discontinuity in MR and Hall is smeared out and H c is reduced. At last, the MR is quadratic except for a tendency toward a sublinear dependence in high fields. The Hall is close to linear, suggesting a dominant PM behavior.
With further decreasing thickness, an FM order develops, evidenced by a nonlinear AHE.
From these observations, we are able to plot the magnetic phase diagram of the material as a function of thickness, illustrated in Fig. 5c .
An intriguing thickness-induced magnetic phase transition is observed in V 5 S 8 . In contrast, the AFM ordering in FePS 3 has been found to persist down to monolayer 13, 14 . The phase transition we observed stems from competing AFM and FM interactions, which are manifested in the spin-glass-like state between the AFM and FM phases. The existence of an FM interaction is not surprising, as it can be inferred from the AFM ordering in the bulk material, shown in Fig. 1c . Along the x direction, the magnetic moments align in an alternating fashion, parallel and antiparallel. The parallel alignment suggests an FM interaction, which is in fact implied by a positive Currie-Weiss temperature, reported in previous studies 18, 21 and observed in the current work (see the Supplemental Material), as well. Thus, the reduction of thickness changes the balance between FM and AFM interactions, leading to the emergence of an FM ordering. Various mechanisms can potentially contribute to the dependence of the magnetic interactions on thickness, e.g., modification of the energy band due to quantum confinement, or change of the interlayer coupling. More work is required to identify and understand the effect.
IV. CONCLUSION
Our findings demonstrate the AHE as a useful tool for magnetization characterization of 2D crystals and reveal an intriguing magnetic phase transition induced by reduced dimensionality in V 5 S 8 . Besides potential applications in spintronics, such materials could provide a new playground for studying magnetism, as not only the low dimensionality can qualitatively change the phenomenon, but the tunability of 2D materials enables studies over parameter spaces that are difficult or even impossible to access. In our thinnest samples, (Fig. 1b) highlights the atomic structure. However, the magnitude of the signal displays variations from sample to sample. This is probably due to inhomogeneous intercalation, which gives rise to variations in both local moment density and carrier density. 
